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013.05.0Abstract This research focused on how to improve damage resistance of carbon ﬁber laminates. It
was carried out at Cranﬁeld University Composites Centre, Milton Keynes, UK as an MSc by
research thesis project. A series of low-cost composite laminates, with or without novel veils pro-
vided by Tenax, was manufactured using current aircraft carbon ﬁber preforms via vacuum infusion
(VI) molding in this research. All the investigations on damage resistance of these panels were car-
ried out according to the British Standard (BS ISO 18353:2009). Initial damage was induced using a
falling weight apparatus mounting a 16 mm hemispherical tip. C-scan and Micrograph were
employed to reveal damage characteristics. Finally, both compression after impact (CAI) and plain
compression strength were experimented. The behaviors of these panels, including damage size,
damage construction, residual compression strength, and compression strength reduction, were uti-
lized to investigate how and to what extent the veils affected the damage resistance. The results
show that using veils is an efﬁcient method of improving the damage resistance of the laminates
studied. Maximum 32% increase in residual compression strength is achieved via veils accompany-
ing with 7% increase in cost.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Compared to conventional metallic aircraft structures, carbon
ﬁber composites display excellent qualities, including high
strength to weight ratio, low thermal expansion, outstanding
stiffness, excellent fatigue behavior, high levels of corrosion
resistance, and possibility of tailored designs. Nevertheless,.
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06they are more sensitive to impact damage and defects.1,2 The
strength of composites structures drops signiﬁcantly after im-
pact because the loaded ﬁbers are fractured and/or no longer
adequately supported by the matrix1,3–7 (e.g., a carbon ﬁber
bar is extremely stiff, but cracks easily if being hit with a ham-
mer or struck by stone fragments during takeoff or landing).
Generally, damage resistance improvement is achieved by
increasing toughness of composite laminates, through ways
such as using tougher resins, utilizing toughening mechanisms
(e.g., 3D weaving, tufting, stitching, Z-pinning), and taking
advantage of interleaving.1 However, inter-laminar reinforcing
is usually accompanied by a reduction in in-plane properties
caused by the damage to in-plane ﬁbers during through-thick-
ness reinforced processing. The advantages and drawbacks of
Z-direction reinforcements have been thoroughly investigatedSAA & BUAA. Open access under CC BY-NC-ND license.
808 L. Zhuin recent years. Depending on textile styles and processing con-
ditions, the least ﬁber failure should be expected with 3D
weaving and the most with Z-pinning.1,8 3D weaving is new
and can improve through-thickness properties dramatically,
but it cannot be widely utilized due to machine complexity
and efﬁciency.8 Stitching and tufting are efﬁcient and sufﬁcient
methods to enhance out-of-plane properties, but possibly
accompanied by decrease of in-plane strength; therefore, they
cannot be applied in prepreg so far.9–11 Z-pinning in a novel
toughening method was invented only for prepreg, especially
for fragile corners of ‘‘L’’ and ‘‘T’’ joints.1,12–14 Interleaving
is a cost-effective method to improve interlaminar tough-
ness,15–17 but quite few investigations have been reported in re-
cent decades after veils were invented.
This paper gives special attention to interleaving because of
its cost-effective characteristic. Firstly, a series of laminates
using same carbon ﬁber preform and same epoxy matric with
different interleaving structures was manufactured and ma-
chined into standard sized specimens. Secondly, internal dam-
age was induced utilizing a dropping-weight device and
measured employing an ultrasonic C-scan system. The con-
struction of internal damage was detected via the micrograph
of a cross-section through the impact point. Subsequently,
post-damage compression tests were carried out to obtain
residual compression strength. Finally, all the results were ana-
lyzed in order to understand how and to what extent the veils
affected damage resistance. All the experimental investigations
were carried out according to the British Standard (BS ISO
18352:2009) that is very similar to the Boeing and Airbus
standards.
2. Experiments
2.1. Material list
A well-established aerospace high strength (HS) ﬁber in a ﬁve-
harness (5HS) woven fabric, Hexcel G0926 carbon fabric,
which is currently used in the aerospace industry and in novel
unmanned aircraft vehicles in UK, and a representative resins
(LY564), which is a low cost, brittle type provided by Hunts-
man Advanced Materials for low cost production, were chosen
as the control. 3 panels being applied with different veils were
designed for comparison so that the effects of veils on CAI per-Table 1 Details of laminates (FVF: 56%, FWF: 65%).
No. Veil areal weight, melting point, and cost Fiber cost (
1 Baseline £79 kg
2 (Veil 1900) 3 gsm, 170 C £85/kg
£6 per kg preform
3 (Veil 4605) 6 gsm, 140 C £85/kg
£6 per kg preform
4 (Veil 8014) 20 gsm, 140 C £85/kg
£6 per kg preform
Table 2 The properties of ﬁber and resin.
Material Young’s modulus
(MPa)
Tensile strength
(MPa)
F AS7/5HS 2.41 · 105 4830
R LY564 3100–3200 75formance could be quantiﬁed and evaluated. It is worth noting
that all of these laminates were the same, apart from their in-
ter-laminar reinforcements. Three types of veils were applied
separately. These veils were applied during the laying-up to
separate from the fabrics and were expected to locally toughen
the laminates at the ply interfaces. The price of veils is £2/m2
that is roughly equivalent to £6 per kilogram preform. The
materials are listed and detailed in Tables 1 and 2, which are
extracted from the data sheets provided by the suppliers.
LY564 Epoxy Resin was combined with HY 917 Hardener
and DY 070 Accelerator. The recommended cure schedule is
four hours at 80 C and two hours at 120 C (post-curing).
The mix ratio by weight is 100:98:3 (resin:hardener:accelera-
tor). The ﬁber volume fractions (FVFs) of all the panels were
roughly 56% and the ﬁber weight fractions (FWFs) were
approximately 65%.
2.2. Manufacturing
The lay-up of each panel was quasi-isotropic, as shown in
Fig. 1. For panels including veils, one layer of veil was simply
laid up in every interface between every two adjacent layers, as
shown in Fig. 1. Three kinds of veils were applied in No. 2, No.
3, and No. 4 separately, to the order of 3 gsm, 6 gsm, and
20 gsm, respectively.
With a target to lower the cost of manufacturing, vacuum
infusion (VI) was selected rather than resin transfer moulding
(RTM) as VI was sufﬁcient for the purposes of this research
and provided a uniform compaction pressure for various
preforms.18
The VI procedure for the four preform panels listed in Ta-
ble 1 can be categorized into two types shown in Fig. 2. In nor-
mal VI, the combined matrix was degassed for ﬁve minutes
inside the vacuum pump and kept at a temperature of around
40 C before being injected into the vacuum bag that was pre-
heated to 60 C. The injection duration was around ﬁve min-
utes. Once ﬁlled, the inlet was closed and the whole set up
was heated to 80 C. The vacuum pump and the heating were
working constantly during the whole four hours of the curing
phase. After curing, the panel was cooled naturally. Two-hour
post-curing procedure at 80 C was carried out after the panels
were cut into 100 mm · 150 mm specimens. C-scanning wasHS/5HS) Matrix cost (LY564) Panel cost Cost increase (%)
£7/kg £53.8/kg –
£7/kg £57.7/kg 7
£7/kg £57.7/kg 7
£7/kg £57.7/kg 7
Flexural strength
(MPa)
Areal weight
(gsm)
Density (g/
cm3)
G1c (J/
m2)
– 370 1.79 –
140–150 – 1.22 100–125
Fig. 1 Lay-up illustration (a) and preform with veils on the top
(b).
Fig. 2 Manufacturing ﬂowchart for the control panel (a) and
veiled panel (b).
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reliabilities of all the tests.
The VI procedure for veiled preforms differed from the nor-
mal VI procedure in one simple but critical way, i.e., the veils
needed to be activated at the speciﬁc high temperatures listed
in Table 2 before infusion, as shown in Fig. 2.
2.3. Impact tests
The thicknesses of all the laminates were slightly varied due to
the different veils. Three common ideas regarding how to de-
cide the impact energy were considered, i.e., constant energy-ﬁ-
ber weight ratios, constant energy-FVF ratios, and constant
energy-thickness ratios. Because the thickness of the control
was 4.45 mm but the maximum thickness of veiled panelsTable 3 Impact energy of all sets.
ID Fiber Resin T
1 HS LY564 –
2 HS LY564 V
3 HS LY564 V
4 HS LY564 Vwas 4.72 mm, it is unfair to impact toughened and un-tough-
ened panels with same energy. On the other hand, the FVF
of the veiled panels was lower than that of the un-veiled one
due to interleaving. It was unreasonable to choose a constant
energy-FVF ratio, in respect that it meant that the toughened
panels would be impacted with lower energy. Therefore, the
most popular approach, which is constant energy–thickness ra-
tio, was the best choice that could result in an effective com-
parison between different materials and different
reinforcements (Table 3). After a series of trails, 25 J energy
was selected for the baseline, which was 4.45 mm thick, be-
cause the dent depths were close to 0.5 mm after impact, which
was usually adopted as the threshold of the depth of barely vis-
ibleimpact damage (BVID) in aviation.
An instrumented drop-weight machine (Rosand Type 5
falling weight impact tester, Fig. 3(a)) was used to create im-
pact damage on the specimens with a typical 16 mm hemi-
spherical impact tip. Multiple impacts were eliminated by a
pneumatic device (Fig. 3(b)) in the impact machine, which
could be ejected and held the impactor automatically after
the ﬁrst rebound.
Damage initiation was identiﬁed by the plots of undulatory
motion of the load and energy against time recorded duringTR Thickness (mm) Energy(J)
4.45 25.00
eil/3 gsm 4.45 25.00
eil/6 gsm 4.62 25.96
eil/20 gsm 4.72 26.52
Fig. 3 Rosand Type 5 falling weight impact tester (a) and second
strike catcher (b).
Fig. 4 Examples of load and energy against time histories during
impact tests.
810 L. Zhuthe drop-weight impact tests, as shown in Fig. 4. It is clearly
shown that the whole impact procedure only lasted for
0.003 s and the onset of damage occurred in the example at
6 300 N roughly. The impact load and energy reached their
peak points at the moment when the velocity of the impactor
was temporarily zero. Part of the impact energy was absorbed
at damage initiation occurring as ﬁber fracture and delamina-
tion; the rest of the impact energy was re-transferred to the
impactor expressed as rebounding.7,19
2.4. C-scanning investigation
All the specimens were examined by ultrasonic C-scanning be-
fore post-impact compression in order to investigate projected
cumulative damaged and delaminated areas. The ultrasonic C-
scans showed that almost all damage was conﬁned to an inde-
pendent area centered at the impact point.10,20 The detailed
subsurface damage follows in Table 4 including all the areas
calculated using approximate oval area formula.
2.5. Micrograph examination
In order to investigate the fracture mechanism and damage
distribution, one impacted specimen from each set was sacri-
ﬁced for a destructive investigation method. The specimens
were cut 5 mm off impact center along the longitudinal direc-
tion. A 5 mm clearance was reserved with a view to avoid cre-
ating any new fracture. All the samples were polished back to
the impact center so that through-thickness damage and
delamination distribution could be clearly detected via micro-
graph and high resolution photographs. In addition, delamina-Table 4 Subsurface damage projected images in detail.
ID Dimension 1st 2nd 3rd 4th
1 Length
(mm)
27.2 22.6 23.3 26
Width (mm) 35.6 28.6 27.5 31
2 Length (mm) 26.8 24.0 24.7 25
Width (mm) 30.0 26.8 28.9 28
3 Length (mm) 26.1 25.0 26.1 25
Width (mm) 26.8 26.5 22.6 26
4 Length (mm) 26.5 24.3 26.2 26
Width (mm) 24.7 27.5 28.2 25tion expanding routes, ﬁber fractures, and resin matrix cracks
could be directly observed.
2.6. CAI tests
Compressive loading procedure was controlled automatically
by using a displacement rate of 0.5 mm per minute until the
maximum load had been reached and the specimen failed.
All the specimens that sustained impact damage, without
exception, were crushed through the damaged regions of the
specimens around the point of impact. There were only two5th 6th Mean Mean of area (mm2)
.8 26.8 28.2 25.8 638
.8 32.8 31.4 31.3
.5 24.9 25.4 25.2 566
.3 28.4 28.9 28.6
.2 26.3 25.6 25.7 511
.6 25.4 24.1 25.3
.0 25.8 25.1 25.7 540
.9 26.9 27.5 26.8
Fig. 8 Illustrations of the cross-section of impacted woven ﬁber
panel.
Fig. 5 Typical CAI failures.
Fig. 7 Damaged areas with standard deviation (mm2).
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brooming failure (Fig. 5(b)) and overlapping shear failure
(Fig. 5(c)). These were also identiﬁed by Odom and Adams.21
The failure occurred suddenly but accompanied by erratic
blips. Relaxation of the broken ﬁber and/or de-bonded plies
was observed in varying degrees after unclamping. The maxi-
mum compressive loads during the whole testing procedure
were considered as the ultimate compression strengths, but
none of these occurred at the moment of failure. All the load-
ing histories shown in Appendix clearly reveal that stiffness re-
mained unaffected by the application of veils because all the
loads kept a constant slope during the loading procedures
for all the specimens.
2.7. Undamaged compression strength tests
Since the plain strengths were really high and the majority of
specimens failed due to end brooming during the ﬁrst-stage
testing trail, one ingenious treatment was copied from ASTM
D 695 (Standard Test Method for Compressive Properties of
Rigid Plastics). All the undamaged specimens were tailored
in the middle of longitudinal edges. Two symmetrical strips
(10 mm wide) were cut off on both sides in order to create
an artiﬁcial weak zone and induce a direct breakage in this
zone. Such a long strip with a large circular transition could
greatly reduce and even eliminate stress concentration
(Fig. 6). A 10 mm thick steel shim was added between the sup-
port knife and the frame so that the tailored specimen could be
effectively supported and the weak region was approximately
near the middle in CAI testing, as illustrated in Fig. 6.
All the failures happened in the tailored region as expected
after using the improved ﬁxture. The ultimate plain compres-
sion strengths were equal to the results simply divided by
80% due to the 10 mm wide cut-offs on both sides.Fig. 6 Ideal knife support position.3. Discussions
3.1. Impact induced damage
The accumulative damage revealed using ultrasonic C-scan-
ning is of great interest. The damaged areas and the standard
deviations declined as the thickness of the veil increased (see
Fig. 7).
Fig. 8 reveals a typical longitudinal cross-section of im-
pacted specimens. Massive ﬁber fractures combined with com-
plex, multi-layer delamination were actually found in relatively
high concentrations inside the panels. All the damage was re-
stricted to a conical damage zone.7,10,22
Comparing all the cross-sections made it clear that woven
ﬁber plies in some interlocking points were compacted and
tightly connected so that had a chance to act as obstacles dur-
ing the delamination expansion. As shown in Fig. 9, the delam-
ination propagation stopped at an adhesive point and formed
a ﬁber fracture.Fig. 9 The delamination propagation stopped at an adhesive
point.
Fig. 12 Micrograph of a veiled woven panel.
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Compared to the control, dramatic improvement was achieved
in CAI performance with the application of veils. As shown in
Fig. 10, approximately 18% improvement in CAI strength was
quantiﬁed by using 3 gsm and 6 gsm veils. Furthermore, up to
32% enhancement was achieved by applying 20 gsm veils,
merely accompanied with a small increase in thickness. What
particularly worth mentioning is, as shown in Table 1, the cost
of the veils was only £6 per kilogram laminates, which was
merely 7% of the total cost of the veiled panel.
The useable plain compression strengths associated with
CAI strengths are shown in Fig. 11. The right bar indicates
the plain compression strength and the left bar expresses the
CAI strength. All the strengths and deviations were measured
in mPa units. The compression strength reductions due to im-
pact are also listed in Fig. 11.
Because the veils not only improved the damage resistance
but also enhanced the plain compression strength, the strength
reductions due to impact of veiled panels were not signiﬁcantly
different. The results revealed a 46% strength reduction of the
control and more than 13% commutation of the veiled panels.
What is worth mentioning is that the reduction percentages de-
creased gradually as the veil thicknesses increased. On the
other hand, as shown in Fig. 11, the standard deviations
(STDEV) of the results of the laminates applied with 3 gsmFig. 10 CAI strength of veiled panels.
Fig. 11 CAI strengths vs PCS strengths.and 6 gsm veils were similar with that of the control, but were
dramatically ameliorated by 20 gsm veils. It is very meaningful
for aerospace applications.
Comparing the micrographs of a veiled panel with an un-
veiled one indicates that there were many separate or con-
nected cross-sections, which were the cross-sections of veil
ﬁlaments, inside the resin zone between each layer, as shown
in Fig. 12. In other words, the whole veil worked as a barrier
layer in the resin. It was surprising that the cross-sections of
the veil ﬁlaments remained round even though the hot com-
paction procedure for preforms was carried out for 30 min be-
fore infusion.17,20,23,24 It appears that the veils were
surrounded by the matrix rather than closely concatenated
with the ﬁber tows as expected. After careful investigations
and comparisons of the micrographs, easily and naturally,
one possible factor may explain the relative correlation be-
tween ﬁber, matrix, and veil. The barrier layer implanted in
the resin could slow the delamination propagation down or
might arrest it. These explanations are in accordance with
the ﬁndings of Pearson in binder particles,12 of Hojo et al. in
2006,17 and of Tzetzis and Hogg in bondline in 2006.18
4. Conclusions
(1) Totally four different panels with three using different
veils were manufactured. Veils are very easy to apply
but speciﬁc and critical hot preform compaction is
required. All the specimens were impacted, C-scanned,
and compressively loaded in the testing sequence. All
the contrasting conclusions and analyses were supported
by micrographs and/or high-resolution pictures of cross-
sections of specimens.
(2) The major ﬁnding was that applying veils was a very
simple and cost-effective method of enhancing damage
resistance of woven fabric laminates. The thicker veils
were more effective than the thinner onesw. The veils
acted like barrier layers which prevented or even elimi-
nated delamination between layers. A 32% CAI strength
increase was achieved using 20 gsm veils that increased
the material cost by roughly 7%.Acknowledgement
The authors would like to thank Andrew Mills and Jim Hurley
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